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Finger counting has been associated to arithmetic learning in children. We examined chil-
drenwith(n=14)andwithout(n=84)mathematicslearningdifﬁcultieswithagesbetween
8 and 11years. Deﬁcits in ﬁnger gnosia were found in association to mathematical difﬁcul-
ties. Finger gnosia was particularly relevant for the performance in word problems requiring
active manipulation of small magnitudes in the range between 1 and 10. Moreover, the
deﬁcits in ﬁnger gnosia could not be attributed to a shortage in working memory capacity
but rather to a speciﬁc inability to use ﬁngers to transiently represent magnitudes, tagging
to be counted objects, and reducing the cognitive load necessary to solve arithmetic prob-
lems. Since ﬁnger gnosia was more related to symbolic than to non-symbolic magnitude
processing, ﬁnger-related representation of magnitude seems to be an important link for
learning the mapping of analog onto discrete symbolic magnitudes.
Keywords: ﬁnger gnosia, mathematics difﬁculties, number sense, dyscalculia
INTRODUCTION
Finger counting is frequently used by children, and under some
circumstancesbyadultstoo.Thisabilityseemstobespontaneously
learned,and practice varies widely across cultures (Domahs et al.,
2010), with some cultures explicitly teaching this strategy (Guha,
2006). Finger counting is especially important in children begin-
ning to learn arithmetics, being inﬂuenced by the socio-cultural
background. Jordan et al. (2008) observed that while middle-
class children resorted to this strategy from the ﬁrst grade on
and used it progressively less after the second grade, children of
lower socio-economic strata began later to use ﬁngers for count-
ing and persisted to do so for a more extended period of time.
Moreover, visual input and imitation play important roles in ﬁn-
ger counting,as congenitally blind children engage less frequently
in this practice, and use ﬁngers in culturally non-canonical ways
(Crollen et al., 2011a). Along with other less efﬁcient strategies,
ﬁnger counting is a classical resource employed by children with
difﬁcultiesinlearningarithmetics,whichsuggestsdifﬁcultieswith
facts learning (Butterworth, 1999; Geary et al., 2000).
Usually, children start to count on ﬁngers at the age of 3years,
typically persisting until the beginning of second grade (Lecoin-
tre et al., 2005). Alibali and DiRusso (1999) investigated the role
of gesture on the development of counting abilities in 4-year-old
children. Analysis of the error patterns committed in different
counting conditions revealed that ﬁnger counting helps children
to improve two aspects of one-to-one correspondence principle:
keeping track of the counted objects and coordinating the num-
ber words with the objects. They proposed that ﬁnger counting
serves as an ofﬂoading mechanism to reduce cognitive demands
by physically instantiating some contents of working memory.
I nar e c e n tr e v i e w ,Raghubar et al. (2010) reported in detail
the role of working memory in math achievement.A robust effect
of verbal working memory on math performance has been con-
sistently found in the literature, particularly regarding numeric
stimuli(i.e.,digitspanandcountingspan).Incontrast,concerning
visuospatial working memory (i.e., Corsi Blocks) the picture has
proved to be less consistent. General studies have shown that the
central executive component plays a major role. Swanson (2004)
has shown that effects of the slave systems in the multicompo-
nential working memory model are attenuated when analyses
include central executive measures. Hecht et al. (2001) observed
that phonological decoding assessed by means of the phoneme
deletion task is longitudinally predictive of mathematics achieve-
ment,but,performanceonthistaskimposesdemandsonworking
memoryresources.Directimplicationof centralexecutivemecha-
nisms in math learning difﬁculties has been demonstrated several
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times (e.g., Bull and Scerif, 2001; van der Sluis et al., 2004,s e e
review in Raghubar et al.,2010).
The signature of ﬁnger counting is observed also in the error
patterns of children learning arithmetics. Domahs et al. (2008)
observed that arithmetic errors committed by children beginning
to learn fact retrieval frequently deviate from the correct result by
multiples of ﬁve, suggesting that a sub-base ﬁve, probably related
to the hand structure, plays an important role in calculation pro-
cedures. Later ﬁndings by Domahs et al. (2010) disclosed that
the comparison of Arabic number symbols in adults is also inﬂu-
encedbyasub-baseﬁvesysteminherentinculturallyboundﬁnger
counting habits. Besides,experimental studies with adults showed
thatnumberprocessinginteractsincomplexwayswithegocentric,
ﬁnger-based,and allocentric spatial representations,being modu-
lated by ﬁnger counting habits (Fischer,2008;Conson et al.,2009;
Di Luca et al., 2010). Other results indicate that, both in a parity
judgment (Sato et al., 2007) as well as in a counting task (Andres
et al., 2007), motor evoked potentials for right hand muscles are
modulated by number magnitude. These results are suggestive of
a special role of embodied representations in the development
of cognitive processes, ﬁnger representations being speciﬁc to the
number and arithmetic domain.
Proﬁciency in ﬁnger counting relies at least to some degree
upon the ability to locate, name, and discriminate individual ﬁn-
gers (i.e., ﬁnger gnosia). Accordingly, Gracia-Bafalluy and Noël
(2008) showed that children with deﬁcits in ﬁnger discrimination
abilities also present a deﬁcit in enumeration and counting tasks
in comparison to children with above average ﬁnger discrimi-
nation abilities. A ﬁrst longitudinal study by Fayol et al. (1998)
found that a composite score encompassing ﬁnger gnosia and
othersomatosensoryrelativelycomplexabilitiesassessedat5years
ofagewasabletopredictmathperformance1yearlater(r =0.46).
These results were conﬁrmed in a subsequent study for a period
of 3years of observation (Marinthe et al., 2001). However, these
ﬁndings should be seen in perspective because math performance
also correlated to more general developmental tests (r =0.44).
Using more speciﬁc measures of ﬁnger gnosia, Noël (2005)
also observed an association of ﬁnger recognition and discrimi-
nation at the beginning of ﬁrst grade with mathematics perfor-
mance 15months later. In this study, both the speciﬁcity and
relative predictive power of ﬁnger gnosia on math achievement
were examined. Finger gnosia correlated with mathematics per-
formance(r =0.48),butnotwithreadingachievement(r =0.11).
Performance on the WISC Coding task also correlated with math
achievement,buttoalowerdegree(r =−0.21).Moreover,46%of
variance in second grade mathematics achievement was explained
by beginning ﬁrst grade measures of ﬁnger gnosia as well as
second grade measures of handwriting and block design. This
suggeststhattheassociationbetweenﬁngergnosiaandmathemat-
ics achievement is both strong and functionally speciﬁc. Similar
resultsregardingtheroleofﬁngergnosiainnumbersystemknowl-
edge and calculation skills were obtained by Penner-Wilger et al.
(2007) in ﬁrst grade children. A role for ﬁnger gnosia in learn-
ing arithmetics was also inferred from a training study conducted
by Gracia-Bafalluy and Noël (2008). However, their experimental
design was based on extreme performance groups, what renders
the results subject to a regression to the mean interpretation
(Fischer, 2010). These data suggest that ﬁnger counting related
to gnosia abilities plays an important role in arithmetic learning
inbeginningformalschooling.Oneimportantaspectof thisques-
tion is the investigation of the shared neurocognitive correlates of
ﬁnger gnosia, number processing, and arithmetics.
Theassociationbetweenﬁngercountingandmathematicsper-
formance has been traditionally interpreted in the context of the
syndrome discovered by Gerstmann in 1924, and which carries
his name (Gerstmann, 1940; see also Rusconi et al., 2010). In a
series of case analyses, Gerstmann observed that patients with
lesions in the region of the left angular gyrus presented disorders
of right–left orientation,dysgraphia,acalculia,and ﬁnger agnosia.
Gerstmann postulated a deﬁcit in a more basic underlying func-
tion. As the internal correlations of the syndrome components
are usually lower than their individual correlations with other
neuropsychological deﬁcits, the very existence of the syndrome
has been subject to heated debate (Rusconi et al., 2010), and the
identiﬁcation of its underlying Grundstörung has eluded research
efforts.
Interestingly, mathematical learning difﬁculties in some chil-
dren are associated with the other three components of the Gerst-
mannsyndrome(KinsbourneandWarrington,1963).However,as
children with the so-called developmental Gerstmann syndrome
usually exhibit more pronounced evidence of right hemisphere
dysfunction,suchaslowerlevelsofﬁngergnosiaperformancewith
the left hand,this disorder is nowadays discussed under the rubric
of“non-verbal learning disability”(henceforth NLD),and at least
one prominent model attributes the underlying dysfunction to
white matter damage (Rourke, 1989).
Two main hypotheses have been considered to explain
the neural correlates of the relationship between ﬁnger
gnosia/counting and arithmetic learning and its disorders from
a developmental perspective, the localizationist and the function-
alist views (Noël, 2005; Crollen et al., 2011b), to which a third
hypothesis of redeployment of ﬁnger representations (Penner-
Wilger and Anderson, 2008) or neuronal recycling (Dehaene and
Cohen, 2007) must be added. According to the localizationist
hypothesis,co-occurrence of deﬁcits in ﬁnger gnosia and numeri-
cal and arithmetical disorders,such as observed in the Gerstmann
syndrome, is merely accidental, reﬂecting topographic vicinity of
unrelated functions. Recent evidence compatible with the local-
izationist hypothesis was obtained in adults by structural MRI,
conﬁrming that ﬁbers connecting cortical areas related to the
Gerstmann tetrad are densely packed beneath the angular gyrus
(Rusconietal.,2009).Theseauthorswere,however,unabletotrace
functional connections between those areas. From another point
of view, the functionalist and redeployment hypotheses assume
that ﬁnger representations are recruited or exaptated for counting
because they are computationally suitable to implement num-
ber representations required for counting and arithmetic facts
(Penner-Wilger and Anderson, 2008).
The only formal empirical test of the localizationist vs. func-
tionalist hypotheses in developing individuals was conducted by
Noël (2005). As predicted by the localizationist hypothesis,math-
ematicalachievementwassigniﬁcantlycorrelatedtoothercompo-
nentsof theGerstmannconstellation,besidesﬁngergnosia:right–
left orientation (r =−0.34), constructional abilities (r =0.44),
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and handwriting (r =0.43). The author planned to test the func-
tionalist hypothesis by contrasting correlations between ﬁnger
gnosia and performance in arithmetic tasks that are dependent
on (i.e., addition) and independent of (i.e., magnitude compari-
son)ﬁngercounting.Thislattertestfailedbecausenumber-related
performance was explained by a single factor, and because ﬁn-
ger gnosia correlated signiﬁcantly to both kinds of numerical
tests (all rs around 0.36–0.38). The negative results regarding a
dissociation between number processes which are more or less
independent of ﬁnger gnosia described by Noël (2005) may lay
to a large extent on the methods used to investigate them. The
sample size n =45 examined in Noël (2005) is too small to reli-
ably distinguish between the existence of one or two latent factors
(MacCallum et al.,1999). Moreover,it is unrealistic to expect that
thetwofactorsdescribingtwodifferentaspectsofnumberprocess-
ing would be completely independent of each other. Considering
the nature of these processes it is much more reasonable to expect
that the factors would be at least moderately correlated. For these
reasons, a selective impact of ﬁnger gnosia on speciﬁc numeric
abilities remains elusive in this study. Hence, behavioral studies
have established the importance of ﬁnger counting on arithmetic
learning.
As already pointed out by Gerstmann (1940), brain regions
responsible for ﬁnger gnosia and arithmetic abilities are neu-
roanatomic neighbors. A structural neuroimaging study corrob-
orates the importance of both cortical and subcortical structures
of the posterior right hemisphere in number processing and cal-
culation. Rykhlevskaia et al. (2009) compared brain structural
characteristics of children with dyscalculia to those of typically
developing controls. Volumetric analyses revealed reductions of
both cortical and gray matter around the inferior parietal sulcus
and superior parietal lobule bilaterally. Fractional anisotropy was
most altered in the right parietal lobe and tractographic analyses
revealed that long range connections between the right fusiform
gyrus and temporal–parietal regions via the inferior longitudinal
fasciculus were compromised in children with dyscalculia.
fMRI studies have investigated the neural correlates of non-
symbolic magnitude processing and ﬁnger representations (Kauf-
mann et al., 2008). When judging whether the number of ﬁngers
presented is smaller or larger than 5, adults show activation of
the classical intraparietal areas related to non-symbolic magni-
tude processing while children also activated more anterior areas
of the right intraparietal sulcus and post and precentral sul-
cus, which are related to hand functions. Moreover, in the same
task, children with mathematical difﬁculties (MD) activate more
the left intraparietal cortex, probably as a compensatory strat-
egy (Kaufmann et al., 2009). Interestingly, a recent meta-analysis
investigating the developmental fMRI studies of typical and atyp-
ical number processing revealed that (intra)parietal activations of
dyscalculic children were more anterior than those displayed by
controls, suggesting that those children strongly rely on ﬁnger-
based number representations (Kaufmann et al., 2011). This sug-
geststhatneuralimpairmentsinmathematicallearningdisabilities
are related to dysfunctions in a complex network of left and
right hemispheric cortical and subcortical structures which typi-
callyconnectﬁngercounting,discretemagnitudes,andverbaland
Arabic representations.
In the present study, the impact of ﬁnger gnosia on mathe-
matical abilities was investigated in children with and without
MD.Inpreviousstudies,anassociationbetweenﬁngergnosiaand
mathematicalabilitieshasbeenshown(Noël,2005;Penner-Wilger
et al., 2007). Moreover, according to Marinthe et al. (2001) ﬁnger
gnosia predicted arithmetics achievement. Furthermore, Gracia-
Bafalluy and Noël (2008) reported that ﬁnger gnosia training may
improve arithmetics achievement. So ﬁrstly, it is reasonable to
hypothesize that children with MD will present lower ﬁnger dis-
criminationabilitiesincomparisontotypicallyachievingchildren
(TA). Additionally, since previous studies have found morpho-
logical and functional interhemispheric differences between TA
andMDpredominantlyintherighthemisphere(Kaufmannetal.,
2009; Rykhlevskaia et al., 2009), we may expect that difﬁculties in
ﬁnger gnosia should be more pronounced in the (non-dominant)
left hand. Secondly, ﬁnger discrimination deﬁcits should not be
related to more basic aspects of neurologic maturation, such as
motor dexterity, and should not be explained by more general
cognitive deﬁcits such as working memory or intelligence alone.
Thirdly, based on previous ﬁndings by Noël (2005), we expect
a stronger impact of ﬁnger gnosia deﬁcits on counting depen-
dent procedures (i.e., arithmetic word problems) than on tasks
tapping the approximate number system (ANS; i.e., magnitude
comparison) or fact retrieval (i.e., multiplication facts). Finally,
if the localizationist hypothesis is correct, then we should expect
moderatetohighcorrelationsbetweenﬁngergnosiaandtheother
functions related to the Gerstmann syndrome constellation, such
as right–left orientation and constructional abilities.
MATERIALS AND METHODS
PARTICIPANTS
The study was approved by the local research ethics commit-
tee (COEP–UFMG). Children participated only after informed
consent was obtained in written form from parents, and orally
from children. They were recruited in two distinct phases: in
the screening phase, we selected public and private schools from
Belo Horizonte and Mariana,Brazil,and used the arithmetics and
spelling subtests of the Brazilian School Achievement Test (Teste
do Desempenho Escolar, TDE; Stein, 1994). In this phase, test-
ing was conducted in groups, on children from second to seventh
grade.Childrenwerethendividedintoatypicalachievement(TA)
group – no difﬁculties in the arithmetics and spelling subtests –
and a MD – score inferior to 1 SD below the mean according to
Brazilian norms in the arithmetics subtest.
Eighty-four typically achieving children (TA) and 14 children
with MD took part in the individual neuropsychological testing
phase. The two groups were matched regarding age and gen-
eral intelligence. This sample was constituted by children with
ages ranging from 8 to 11years and normal intelligence (z-score
between −1 and +1 in the Raven’s Colored Progressive Matrices,
see Table 1).
INSTRUMENTS
The following instruments were used in the neuropsychologi-
cal assessment: Brazilian School Achievement Test (TDE; Stein,
1994), Raven’s Colored Progressive Matrices, digit span (WISC),
copy of Rey–Osterrieth Complex Figure, right–left orientation
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Table 1 | Descriptive data of the individual assessment sample.
TA MD x2 df p
N 84 14
Sex (% female) 64.3 57 .1 0.263 1 0.608
Mean SD Mean SD t df p
Age (months) 122.02 13.13 122.14 12.84 −0.031 92 0.975
Raven (z-score) 0.18 0.49 0.09 0.67 0.576 96 0.566
(PR=57) (CI=26–76) (PR=54) (CI=33–73)
TA, typically achieving children; MD, children with mathematics difﬁculties; PR, percentile rank; CI, conﬁdence interval.
(Dellatolas et al., 1998), 9-hole peg test (Poole et al., 2005), hand-
ednessascertainment(LefèvreandDiament,1982),non-symbolic
magnitude comparison, symbolic magnitude comparison, ﬁnger
localization test (Dellatolas et al., 1998), and tests for mathemat-
ical cognition (arithmetic word problems and basic arithmetic
operations – addition,subtraction,and multiplication).
Brazilian school achievement test (TDE; Stein, 1994)
The TDE is the most widely used standardized test of school
achievementwithnormsfortheBrazilianpopulation.Itcomprises
three subtests: arithmetics, single-word spelling, and single-word
reading. In the screening phase, we used the arithmetics and
spelling subtests, which can be applied in groups. Norms are pro-
vided for school-aged children between the second and seventh
grade. The arithmetics subtest is composed of three simple ver-
bally presented word problems (i.e., which is the largest, 28 or
42?)and45writtenarithmeticcalculationsof increasingcomplex-
ity (i.e., very easy: 4−1; easy: 1230+150+1620; intermediate:
823×96; hard: 3/4+2/8). Speciﬁc norms for each school grade
were used to characterize children’s individual performance. The
spelling subtest consists of dictation of 34 words of increasing
syllabic complexity (i.e., toca; balanço; cristalização). Reliability
coefﬁcients(Cronbachα)of TDEsubtestsare0.87orhigher.Chil-
dren are instructed to work on the problems to the best of their
capacity but without time limits.
Raven’s colored progressive matrices
General intelligence was assessed with the age-appropriate Brazil-
ian validated version of Raven’s Colored Matrices (Angelini et al.,
1999).Childrenwithgeneralintelligencebelowthe16thpercentile
(i.e.,g <−1 SD) were not included in the sample.
Digit span
Verbal short-term memory was assessed with the BrazilianWISC-
III Digits subtest (Figueiredo, 2002). Performance in the forward
orderwasconsideredameasureof phonologicalshort-termmem-
ory, and the backward order was used to assess verbal working
memory.
Corsi blocks (forward and backward)
This test is a measure of the visuospatial component of work-
ing memory. It is constituted by a set of nine blocks which are
tapped,in a certain sequence,by the examiner. The test starts with
sequencesof twoblocksandcanreachamaximumof nineblocks.
We used the forward and backward Corsi span tasks according
to Kessels et al. (2000). In the forward condition, the child is
instructed to tap the blocks on the same order as the examiner, in
the backward condition, in the inverse order. Span is determined
by the longest sequence correctly repeated before two successive
failures.
Rey–Osterrieth complex ﬁgure test (Strauss et al., 2006)
ThecopyoftheReyﬁgureassessesvisuospatialandvisuoconstruc-
tional abilities. It is based on a complex black and white drawing
that the child must copy as accurately as possible. Accuracy score
was based on 18 elements of the ﬁgure. For each correctly copied
element children scored up to two points when the element was
perfectly reproduced (Lezak et al.,2004; Strauss et al.,2006).
Nine-hole peg test (9-HPT)
The 9-HPT is a timed test in which nine pegs should be inserted
and removed from nine holes in the pegboard with each hand;
dominant and non-dominant. The version used was based on
Poole et al. (2005). The pegboard is placed horizontally in front
of the child, so that the compartment that contains the pegs is on
the side of the hand to be tested, while the compartment with the
holes is on its contralateral side. Children must pick one peg at a
time. The test is performed two times with each hand, two con-
secutive attempts with the dominant hand, followed immediately
by two consecutive attempts with the non-dominant hand. The
scores were calculated based on the mean time for each hand.
Handedness ascertainment
Lateralpreferencewasinvestigatedbymeansof tasksthatexamine
the ocular, hand, and foot preference based on Lefèvre and Dia-
ment (1982). The child was instructed to look through a hole, to
kick and to throw a ball,three times each. The result was given by
the side the child had chosen more consistently.
Right–left orientation test
This test is based on Dellatolas et al. (1998). The test has 12 items
of right and left body parts recognition. It is divided in three
parts:theﬁrstpartpresentssimplecommandsregardingthechild’s
own body, the second consists of double commands – direct and
crossed – toward the child’s body. In the third part,pointing com-
mands to single lateral body parts of an opposite-facing person
were issued. Scores were attributed if the child correctly pointed
to the nominated parts of the body; correct answers were coded
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with one and wrong answers with zero. Internal consistency was
assessed with the Kuder-Richardson reliability coefﬁcient, which
was high (KR-20=0.80).
Finger localization task
This 24-item task also based on Dellatolas et al. (1998) was used
to assess ﬁnger gnosia. It consists of three parts: (a) with the hand
visible,localization of single ﬁngers touched by the examiner with
the pointed end of a pencil (two trials on each hand); (b) with the
hand hidden from view, localization of single ﬁngers touched by
the examiner (four trials on each hand); (c) with the hand hidden
from view,localization of pairs of ﬁngers simultaneously touched
by the examiner (six trials each hand). According to Dellatolas’et
al. (1998) procedure, the participants were instructed to choose
how they would rather respond: they could name the touched
ﬁngers, point to them on an outline drawing of the stimulated
hand, or call out their numbers according to a ﬁgure in which
ﬁngers beginning with the thumb are numbered from 1 to 5. A
correct answer was coded 1 and a wrong answer 0. A total score
(ranging from 0 to 12) was calculated for each child. The internal
consistency of this task is high (KR-20=0.79).
Simple reaction time
The computerized RT task is a visual detection task used to con-
trolforpossibledifferencesinbasicprocessingspeed,notrelatedto




appeared. Each trial was terminated with the ﬁrst key press. The
taskhad30experimentaltrials,withaninter-trialintervalvarying
between 2,000 and 8,000ms.
Non-symbolic magnitude comparison task
Inthenon-symbolicmagnitudecomparisontask,theparticipants
were instructed to compare two simultaneously presented sets of
dots, indicating which one contained the larger number. Black
dotswerepresentedonawhitecircleoverablackbackground.On
each trial, one of the two white circles contained 32 dots (refer-
ence numerosity) and the other one contained 20, 23, 26, 29, 35,
38,41,or 44 dots. Each magnitude of dot sets was presented eight
times. The task comprised 8 learning trials and 64 experimental
trials. Perceptual variables were varied such that in half of the tri-
als individual dot size was held constant, while in the other half
the size of the area occupied by the dots was held constant (see
exact procedure descriptions in Dehaene et al., 2005). Maximum
stimulus presentation time was 4,000ms, and inter-trial interval
was 700ms. Before each trial, a ﬁxation point appeared on the
s c r e e n–ac r oss, printed in white, with 30mm in each line. If the
childjudgedthattherightcirclepresentedmoredots,apredeﬁned
key localized in the right side of the keyboard should be pressed
with the right hand. On the contrary, if the child judged that the
left circle contained more dots, then a predeﬁned key on the left
side had to be pressed with the left hand.
Symbolic magnitude comparison task
In the symbolic magnitude comparison task, Arabic digits from
1 to 9 were presented on the computer screen (height=2.12cm;
length=2.12cm).Thevisualangleofthestimuliwas2.43˚inboth
vertical and horizontal dimensions. Children were instructed to
comparethestimuliwiththereferencenumber5.Digitswerepre-
sented in white on a black background. If the presented number
was smaller than 5, the child had to press a predeﬁned key on
the left side of the keyboard with the left hand. If the stimulus was
largerthan5,thekeytobepressedwaslocatedattherightsideand
should be pressed with the right hand. The number 5 was never
presented. Numerical distances between stimuli and the reference
number (5) varied from 1 to 4, each numerical distance being
presented the same number of times. Between trials a ﬁxation
point of the same size and color of the stimuli was presented on
the screen. The task comprised 80 experimental trials. Maximum
stimulus presentation time was 4,000ms, and inter-trial interval
was 700ms.
Arithmetic word problems
Twelve arithmetical word problems were presented to the child on
a sheet of paper while the examiner read them aloud simultane-
ously to avoid reading proﬁciency bias. There were six addition
and six subtraction items, all of them with single-digit operands
and results ranging from 2 to 9 (i.e., “Annelise has 9cents. She
gives 3 to Pedro. How many cents does Annelise have now?”). The
child had to solve the problems mentally and write the answer
down in Arabic format as quickly as possible, and the examiner
registered the time taken for each item. Cronbach’s α of this task
was 0.83.
Basic arithmetic operations
This task consisted of addition (27 items),subtraction (27 items),
and multiplication (28 items) operations for individual appli-
cation, which were printed on separated sheets of paper. Chil-
dren were instructed to answer as fast and as accurate as they
could, time limit per block being 1min. Arithmetic operations
were organized in two levels of complexity and were presented
to children in separated blocks: one consisted of simple arith-
metic table facts and the other of more complex ones. Sim-
ple additions were deﬁned as those operations with the results
below 10 (i.e., 3+5), while complex additions with the results
between 11 and 17 (i.e., 9+5). Tie problems (i.e., 4+4) were
not used for addition. Simple subtraction comprised problems in
which the operands were below 10 (i.e., 9−6), while for com-
plex subtractions the ﬁrst operand ranged from 11 to 17 (i.e.,
16−9).Nonegativeresultswereincludedinthesubtractionprob-
lems. Simple multiplication consisted of operations with results
below 25 and with the number 5 as one of the operands (i.e.,
2×7, 5×6), while for the complex multiplication the result of
operandsrangedfrom24to72(6×8).Tieproblemswerenotused
for multiplication. Reliability coefﬁcients were high (Cronbach’s
α>0.90).
ANALYSES
Even though there was no statistical difference between groups
regarding intelligence (p=0.530), we decided to calculate the
effect size of this difference (d=0.182) and to include intelli-
gence as a covariate in all further group comparisons. First, the
differences between MD and TA groups regarding ﬁnger gnosia
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andotherneuropsychological,cognitive,andnumericalskillswere
investigated. Thereafter, the impact of ﬁnger gnosia on the differ-
ences between MD and TA groups in general cognitive functions
(i.e.,motordexterity,right–leftorientation)aswellasnumericand
arithmetic abilities (i.e., magnitude estimation, arithmetic word
problems, simple and complex addition, subtraction, and multi-
plication problems) were examined. In a ﬁrst set of ANCOVAS,
group differences were calculated with intelligence as a covariate.
In a second set of ANCOVAS, group differences were calculated
again, but entering both intelligence and ﬁnger gnosia as covari-
ates. Analyses in which ﬁnger gnosia reduced or even removed
group differences were interpreted as indicative of a selective
role of ﬁnger gnosia on speciﬁc cognitive functions. Finally, we
examined the correlations of these variables. Finger discrimina-
tion was assessed separately for the left and the right hand. Only
three children from the TA group and one MD were left-handed
according to a lateralization test based on Lefèvre and Diament
(1982). All analyses were duplicated excluding these children and
the results did not differ so we did not exclude these individu-
als from statistical analyses. For this reason we considered ﬁnger
gnosia for the left/right hand as an index of the non-dominant/
dominant hand.
RESULTS
We investigated differences in cognitive and numerical abilities
between children with typical arithmetical abilities and children
with MD in the following neuropsychological variables: the copy
of Rey–Osterrieth complex ﬁgure test, digit span, Corsi Blocks,
9-HPT,ﬁngergnosia,right–leftorientation,arithmeticwordprob-
lems,addition,subtraction,and multiplication operations,as well
as symbolic and non-symbolic magnitude comparison tasks.
RT data was trimmed, eliminating in two steps all responses
moreextremethan3SDfromtheindividualmeans,aswellasthose
RTs faster than 200ms. Error data for the symbolic task was arc-
sinetransformedtocorrectforskewnessbeforeenteringstatistical
analysis. To analyze the non-symbolic task, we calculated for each
childrentheinternal Weberfraction(thereafterw),ameasurepre-
viously used to estimate the acuity of the ANS (Piazza et al.,2004,
2010; Dehaene, 2007; Halberda et al., 2008; Izard and Dehaene,
2008; Mazzocco et al., 2011), based on the methods described by
Piazza et al. (2004). One TA child refused to solve the subtrac-
tion task, and eight other TA children from early grades reported
that they had not yet learned multiplication in school by the time
of testing. Moreover, two TA and two MD did not complete the
ﬁnger gnosia or the right–left orientation tasks, and nine TA did
notcompletethenon-symboliccomparisontask.Additionally,the
r2 of the ﬁtting procedure to calculate the acuity of the ANS for
three TA and for one MD children were less than r2=0.2, so we
did not consider the w for those children. Furthermore, 11 TA
children did not complete the symbolic magnitude comparison
task. Table 2 describes the sample sizes, means and SD of the two
groups, separately, for each measure.
A signiﬁcant statistical difference between MD and TA was
found for the ﬁnger gnosia task [F (1,81)=9.04, MSE=8.55;
p=0.004; η2 =0.10]. When each hand was analyzed separately,
the effect was much more pronounced for the left hand [F
Table 2 | Descriptive data of the neuropsychological measures for each group.
Tasks N TA MD
TA MD Mean SD Mean SD
Rey’s ﬁgure (copy) 84 14 27 .33 6.43 27 .96 4.77
Digits Wisc(forward) 84 14 5.44 1.03 4.93 0.48
Digits Wisc(backward) 84 14 3.21 0.91 2.79 0.43
Corsi blocks(forward) 84 14 4.85 1.03 5.00 1.04
Corsi blocks (backward) 84 14 4.17 0.97 4.36 1.01
9-HPT(dominant hand)* 72 12 20483.47 3174.69 20893.75 3773.14
9-HPT(non-dominant hand)* 72 12 21982.36 4511.07 22207 .67 2499.94
Finger gnosia (right) 72 12 10.38 1.74 9.33 2.27
Finger gnosia (left) 72 12 10.71 1.56 8.83 2.59
Finger gnosia (both) 72 12 21.08 2.79 18.17 4.47
Right/left orientation 72 12 8.93 3.29 8.50 3.34
Arithmetics (TDE) 84 14 18.32 6.16 10.93 4.79
Arithmetics word problems 84 14 9.48 2.27 7 .79 2.52
Addition 84 14 10.76 2.99 9.64 3.03
Subtraction 83 14 8.01 3.32 5.64 3.78
Multiplication 76 14 8.26 4.47 3.39 2.76
Symbolic task_errors 73 14 3.21 24.93 0.34 0.09
Symbolic task_RT* 73 14 939.89 250.36 951.73 271.57
Non-symbolic task_RT* 75 14 1262.98 351.81 1142.30 263.76
W 72 13 0.24 0.09 0.31 0.09
TA, typically achieving children; MD, children with mathematics difﬁculties; 9-HPT, 9-hole peg test; RT, reaction time; W, Weber fraction; *time in milliseconds.
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(1,81)=11.56, MSE=2.91; p=0.001; η2 =0.125] than for the
right hand [F (1,81)=3.02, MSE=2.96; p=0.086; η2 =0.036].
To investigate how ﬁnger gnosia is associated to other differences
between TA and MD, two sets of ANCOVA models were
calculated.
Statistical comparisons between groups revealed no signiﬁcant
differencesbetweengroupsregardingtheRey–Osterriethcomplex
ﬁgure test, right–left orientation task, digit span (forward and
backward), Corsi blocks (forward and backward), 9-HPT, sim-
ple reaction time task, symbolic and non-symbolic magnitude
comparison tasks, and addition operations. In all of these com-
parisons,ANCOVA models including both intelligence and ﬁnger
gnosia also remained non-signiﬁcant (Table 3).
SigniﬁcantdifferencesbetweengroupswerefoundfortheTDE,
subtractionandmultiplicationoperations,w,andarithmeticword
problems. Importantly, after controlling for the impact of ﬁnger
gnosia, all these comparisons remained signiﬁcant, with the only
exception of arithmetic word problems (Table 3).
Inspection of Table 4 reveals that the ﬁnger gnosia score cor-
related moderately with arithmetics subtest of the TDE and word
problems. Moreover,all arithmetic tasks correlated moderately or
strongly with each other. However, w did not correlate with any
other task rather than the arithmetics subtest of the TDE. Tasks
tapping on core (the right–left orientation) as well as aggregated
(visuospatial abilities, Rey–Osterrieth complex ﬁgure test) symp-
toms of the Gerstmann syndrome presented smaller correlations
to ﬁnger gnosia compared to other tests that are not associated
with the syndrome proﬁle. Visuospatial working memory (Corsi
Blocks) also presented signiﬁcant correlations to the arithmetics
subtest of the TDE as well as to the basic arithmetic operations
and to the arithmetic word problems (range r =0.26 to r =0.41).
DISCUSSION
In the present study the impact of ﬁnger gnosia on mathematics
achievementwasexaminedinasampleof childrenwithandwith-
out MD. Finger gnosia performance is substantially lower in MD
than in typically achieving (TA) children. This difference could
not be attributed to general deﬁcits in cognitive or somatomotor
development, since these groups did not differ regarding general
intelligence,working memory,visuospatial abilities or motor dex-
terity. After removing the effect of ﬁnger gnosia, the differences
between MD and TA in arithmetic word problems disappeared.
However, these differences remained signiﬁcant in measures of
mathematics achievement, acuity of the ANS (i.e., w)a sw e l la s
in written subtraction and multiplication. In the following, these
results will be discussed in more detail.
GROUP DIFFERENCES IN FINGER GNOSIA
In line with previous studies investigating the association between
ﬁnger gnosia and numeric and arithmetic competencies in typ-
ically achieving children (Fayol et al., 1998; Noël, 2005; Penner-
Wilger et al., 2007), the present study showed for the ﬁrst time
the existence of a deﬁcit in ﬁnger gnosia in children selected for
MD in comparison to typically developing children. Our results
corroborate and extend the previous ﬁndings that the ability to
discriminate ﬁngers is speciﬁcally associated with numeric and
Table 3 |Analysis of covariance of the neuropsychological tasks (ANCOVA).
Tasks ANCOVA ANCOVA
(Covariate: intelligence) (Covariates: intelligence+gnosias)
F df p η2 F df p η2
Rey’s ﬁgure (copy) 0.506 1;95 0.479 0.005 1.017 1;80 0.316 0.013
Digits Wisc(forward) 3.119 1;95 0.081 0.032 2.477 1;80 0.119 0.030
Digits Wisc(backward) 2.755 1;95 0.100 0.028 1.328 1;80 0.253 0.016
Corsi blocks (forward) 0.421 1;95 0.518 0.004 2.025 1;80 0.159 0.025
Corsi blocks (backward) 0.587 1;95 0.445 0.006 1.427 1;80 0.236 0.018
9-HPT(dominant hand) 0.051 1;81 0.822 0.001 0.053 1;80 0.818 0.001
9-HPT(non-dominant hand) 0.003 1;81 0.958 <0.001 0.079 1;80 0.779 0.001
Right/left orientation 0.067 1;81 0.796 0.001 0.001 1;80 0.970 <0.001
Arithmetics (TDE) 20.280 1;95 <0.001 0.176 11.801 1;80 0.001 0.129
Arit. word problems 6.496 1;95 0.012 0.064 1.467 1;80 0.229 0.018
Addition 1.385 1;95 0.242 0.014 1.213 1;80 0.274 0.015
Subtraction 5.655 1;94 0.019 0.057 4.831 1;80 0.031 0.057
Multiplication 15.422 1;87 <0.001 0.151 10.881 1;74 0.001 0.128
Simple reaction time 2.915 1;79 0.092 0.036 0.604 1;67 0.440 0.009
Symbolic task_errors 0.166 1;85 0.685 0.002 0.017 1;72 0.898 <0.001
Symbolic task_RT <0.001 1;84 1.000 <0.001 <0.001 1;70 0.992 <0.001
Non-symbolic task_RT 0.881 1;86 0.351 0.010 1.731 1;73 0.192 0.023
W 5.890 1;82 0.017 0.067 4.723 1;70 0.033 0.063
Columns on the left show the set of ANCOVA models including only intelligence as a covariate. Columns on the right show those models including both intelligence
and ﬁnger gnosia as covariates.TA, typically achieving children; MD, children with mathematics difﬁculties; 9-HPT, 9-hole peg test; RT, reaction time,W,Weber fraction.
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arithmetic abilities. Noël (2005) as well as Penner-Wilger et al.
(2007) reported evidence that ﬁnger gnosia contributed indepen-
dently to the prediction of numeric and arithmetic abilities in
TA children. We found that ﬁnger gnosia discriminated between
MD and TA even though general intelligence as well as verbal
andnon-verbalworkingmemorywerecomparableacrossgroups.
Together, these studies suggest that ﬁnger gnosia contributes in a
unique way to numeric and arithmetic abilities. Further evidence
provided by Gracia-Bafalluy and Noël (2008) reinforces this con-
clusion. These authors have shown that children selected for their
poor ﬁnger discrimination abilities performed worse in enumer-
ation and counting tasks than children performing well in these
number processing tasks. Altogether, these results are indicative
that difﬁculties in MD children are not limited to basic magni-
tude representations but extend to ﬁnger representations. Finally,
these results corroborate the view that the way ﬁnger discrimina-
tion determines numeric and arithmetic performance is related to
working memory ofﬂoading (Alibali and DiRusso, 1999). As MD
and TA children had comparable verbal and visuospatial working
memoryperformance,MDmayhavefailedtouseﬁngerrepresen-
tationstoofﬂoadworkingmemoryand,forthisreason,performed
worse in arithmetic tasks intimately related to these capabilities.
This topic will be discussed in the next section.
DISENTANGLING FINGER GNOSIA FROM MORE GENERAL GROUP
DIFFERENCES
No differences in higher cognitive functions such as verbal and
visuospatial working memory, visuoconstructional abilities, and
general intelligence were found between MD and TA groups. In
spite of the lack of differences between groups regarding these
abilities, they all seem to have some peripheric relevance for the
performance of arithmetical tasks, as can be seen in the small but
signiﬁcantcorrelationsbetweenthemandarithmeticsubtestofthe
TDE,arithmetic word problems,and basic arithmetic operations.
In summary, the deﬁcit in ﬁnger discrimination observed in
MD children does not seem to be related primarily to problems
retaining and manipulating verbal or visuospatial information in
a short-term buffer. Accordingly, if MD children may present dif-
ﬁculties ofﬂoading working memory (Alibali and DiRusso,1999),
these difﬁculties do not seem to be an outcome of capacity con-
straints or inability to apply the correct ofﬂoading strategy, since
both MD and TA children showed comparable working memory
capacity. Instead, the problems probably lay in accessing ﬁnger
representations during calculation. Moreover, deﬁcits in ﬁnger
gnosiadonotseemtoberelatedtoaspectsof visuomotortransfor-
mations necessary for visuoconstructional abilities. This indicates
that deﬁcits in ﬁnger gnosia observed in MD children cannot be
attributed to a generalized dysfunction of the left/right parietal




aspect of cognition and not to a general ability level. Therefore,
onecanbeconﬁdenttoexploreamorespeciﬁclinkbetweenﬁnger
gnosia and numeric and arithmetic abilities in the next section.
FINGER GNOSIA AND NUMBER PROCESSING
According to the functionalist hypothesis, ﬁnger gnosia should
be related to some modalities of number processing and calcula-
tion but not to others. Finger gnosia should be relevant for tasks
such as arithmetic word problems,which are frequently solved by
beginning schoolers and MD children through ﬁnger counting.
But ﬁnger gnosia should be less relevant for estimation or mul-
tiplication,which involve,respectively,magnitude estimation and
fact retrieval (Noël, 2005). This prediction was corroborated by
our empirical data.
Mathematical difﬁculties children presented higher w com-
pared to TA children. These results are consistent with ongoing
literature showing a deﬁcit in the acuity of the ANS in dyscalculic
children as well as in children with mathematical learning disabil-
ity (Piazza et al., 2010; Mazzocco et al., 2011). Furthermore, the
mean values of w found in this study (TA=0.23 and MD=0.31)
were very similar to the ones reported by Piazza et al., 2010;c o n -
trols=0.25 and dyscalculics=0.34). More importantly, a deﬁcit
in such basic number magnitude discrimination seemed to be
independent from a deﬁcit encountered in ﬁnger gnosia in the
present study. After removing the impact of ﬁnger gnosia abili-
ties, the MD deﬁcit in w remained signiﬁcant. Once more, these
results suggest that ﬁnger gnosia provides a unique contribution
to the deﬁcits of MD children in numeric and arithmetic abili-
ties. A controversial ﬁnding was the lack of group differences in
the symbolic magnitude comparison task, which has also been
reported in the literature regarding symbolic processing (one-
digit magnitude comparison: Landerl et al., 2004; Mussolin et al.,
2010).
In this study, MD performed worse than TA children in both
multiplication and subtraction operation. After removing the
impact of ﬁnger gnosia, these differences were not even attenu-
ated. Despite the literature evidence concerning the relationship
betweenﬁngergnosiaandbasicarithmeticoperation(Ifrah,2000;
Crollenetal.,2011b),wedidnotﬁndgroupdifferencesspeciﬁcally
on the addition task. This might be due to the fact this task may
have allowed for direct fact retrieval and be too simple for 10 or
11years old children.
Noteworthy, after removing the effect of ﬁnger gnosia, the dif-
ferencesbetweenMDandTAchildrenobservedinarithmeticword
problems disappeared. Our results are in line with Butterworth’s
position,becausetheyshowthatﬁngergnosiamayserveasamech-
anism to ofﬂoad working memory demands, helping children to
accurately represent quantities above the subitizing range, which
in turn support arithmetic processing. According to Butterworth
(1999), ﬁngers a portable and always present tool used to link the
abstract representation of numbers to concrete manipulations of
quantities.Asthecapacitytoperceiveexactnumerositiesnormally
do not exceed four items, ﬁngers are helpful to extend this limi-
tation. Importantly, arithmetic word problems employed in the
presentstudyhadsolutionsintherangebetween2and9.Theuse-
fulness of ﬁnger representations in numeric and arithmetic tasks
seem to be limited to the number range encompassed between 1
and 10. When calculation problems exceed this interval, such as
in our subtraction operations, the role of ﬁnger representations
s e e m st of a d e .
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A ﬁnal aspect of the result pattern obtained regards the speci-
ﬁcity of the association between ﬁnger gnosia and numeric and
arithmetic abilities. Previous studies have focused their attention
on composite measures of these numeric and arithmetic abilities.
Noël(2005)usedacompositeofcomparison,Arabicdigitcompar-
ison, subitizing, number writing, and addition as the dependent
variable.Penner-Wilgeretal.(2007)showedthatﬁngergnosiawas
a predictor of number system knowledge, which was a summary
variable consisting of digit recognition,counting,place value,and
numeration.Inthepresentstudy,thefocuswasmoreonthediffer-
ential impact of ﬁnger gnosia on speciﬁc numeric and arithmetic
tasks such as written subtraction and multiplication operations
as well as word problems. Our results are, then, in accordance
with the hypothesis that ﬁnger gnosia may play a role in certain
arithmetic operations but not in others.
FINGER GNOSIA, MATHEMATICS DIFFICULTIES, AND THE GERSTMANN
SYNDROME
Similarlytopreviousstudieswithneuropsychologicalpatients(see
review in Rusconi et al., 2010), the correlations between ﬁnger
gnosia and other symptoms of the Gerstmann syndrome such
as right–left orientation or aggregated visuospatial abilities were
weak. In contrast,the correlation between ﬁnger gnosia and other
numeric and arithmetic abilities tended to be higher. Together,
these results are indicative that the deﬁcits presented by MD
children have another cause than a Gerstmann-like kind of dis-
orderandareinaccordancewithpreviousﬁndings(Rusconietal.,
2009).
Another source of evidence lending support to this conclusion
isthatﬁngergnosiadeﬁcitsinMDchildrenweremorepronounced
for the left hand than for the right hand. While the Gerstmann
syndrome is typically associated with parietal lesions in the hemi-
sphere dominant for language, more pronounced effects of ﬁnger
gnosia were observed for the non-dominant left hand. Further
evidence from neuropsychology as well as structural and func-
tional imaging studies also supports the larger involvement of the
non-dominantlefthandinﬁngeragnosia.Apreponderanceof left
hand difﬁculties in sensorimotor and body perception in children
withNLD(non-verballearningdisability)wasobservedbyRourke
(summarizedbyRourke,1989).AccordingtoRourke(1989,1995),
preponderant right hemisphere expression of symptoms in NLD
may be explained by white matter subcortical dysfunctions, as
observed in several genetic syndromes related to the disorder such
as Turner and 22q11.2 deletion syndrome (Barnea-Goraly et al.,
2003; Molko et al., 2004). Structural imaging techniques of corti-
cal white matter have recently renewed interest in disconnection
interpretations of several disorders, including learning disorders
(Mitchell, 2011). Some results also point to interhemispheric
asymmetries.Rykhlevskaiaetal.(2009)observedthat,besidesgray
matter alterations in relevant parietal cortical regions, underlying
white matter fractional anisotropy and volume alterations on the
posterior right hemisphere were also associated to developmental
dyscalculia. Moreover, a hemispheric asymmetry related to mag-
nitude processing in MD children,which indicated a malfunction
of the right parietal cortex, has been observed by Kaufmann et al.
(2009). In summary, neuropsychologic and imaging studies are
suggestive about the existence of a functional link between right
parietal functions, ﬁnger gnosia in the non-dominant hand, and
numeric and arithmetic abilities.
PRACTICAL IMPLICATIONS
Speciﬁc deﬁcits in ﬁnger gnosia observed in MD children are
indicative that measures of ﬁnger gnosia may be useful in the
early screening of MD (Noël, 2005). Research efforts are cur-
rently directed toward identifying cognitive/behavioral markers
that could be easily employed by teachers in the identiﬁcation
of children at risk of developing MD (Mazzocco and Thompson,
2005; Geary et al., 2009; LeFevre et al., 2010). Evidence found
in the present study advanced the discussion on the search after
markers in two different ways. First, ﬁnger gnosia abilities differ
substantially between MD and TA children. This suggests that ﬁn-
ger gnosia can be used as a marker of MD. As reviewed by Beller
and Bender (2011), ﬁnger abilities are not indispensable for the
development of numerical competence, but they could increase
children’snumericalperformance.Moreover,theabsenceofcorre-
lation between w and ﬁnger gnosia suggest that ﬁnger gnosia and
acuity of the ANS could be dissociable. Therefore, ﬁnger gnosia




culation strategies, speciﬁcally the use of overt ﬁnger representa-
tion.Finally,futurestudiesinvestigatinghowﬁngerdiscrimination
training may be improved could be a valuable tool in the preven-
tionandrehabilitationofMD(Gracia-BafalluyandNoël,2008).As
it already occurs in some countries (Guha, 2006), ﬁnger discrim-
ination training could be introduced explicitly in the preschool
curriculum, thereby helping children to establish a functional
bridge between magnitudes and their symbolic representations,
facilitating calculation procedures.
In summary, deﬁcits in ﬁnger gnosia are associated to MD in
8- to 11-years-old children. Finger gnosia seems to be particu-
larly relevant for the performance in word problems requiring
active manipulation of small magnitudes in the range between 1
and 10. Importantly,evidence relating ﬁnger gnosia to more com-
plex calculations in a range of magnitudes over 10 was not found.
Moreover, the deﬁcits in ﬁnger gnosia could not be attributed to
a shortage in working memory capacity but rather to a speciﬁc
inability to use ﬁngers to transiently represent magnitudes, tag-
ging to be counted objects, and thereby reducing the cognitive
load necessary to solve arithmetic problems. Since ﬁnger gnosia
was more related to symbolic than to non-symbolic magnitude
processing in our study, ﬁnger-related representation of magni-
tude seems to be an important link for learning the mapping of
analog onto discrete symbolic magnitudes.
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